Objective To determine risk factors for intestinal failure (IF) in infants undergoing surgery for necrotizing enterocolitis (NEC).
I
ntestinal failure (IF) is a chronic condition characterized by a reduction in the functional intestinal mass necessary for adequate digestion and absorption for nutrient, fluid, and growth requirements. 1 The leading cause of IF in infancy is short bowel syndrome (SBS), in which there is reduced mucosal surface area as a result of surgical or congenital conditions. The consequences of IF in infants are severe and include an increased mortality rate, recurrent central venous catheter infections, parenteral nutrition-associated liver disease, chronic diarrhea, multiple micronutrient deficiencies, osteopenia, and poor growth. [2] [3] [4] The incidence of and risk factors for SBS have previously been determined in small, retrospective, single-center case series. 2, [5] [6] [7] [8] [9] Variables that have been identified as predictors of SBS include low birth weight, 9 extent of bowel resection (>45 cm), 2 resection of the ileocecal valve and reduced colonic remnant. 8 Limited data also support an association between IF in infants and postoperative nutritional management, including early enteral feeding, and the use of breast milk and elemental formulas. 6 Necrotizing enterocolitis is the leading cause of SBS in infancy, with a reported prevalence ranging from 13% to 45% in several cases series of premature infants. 8, [10] [11] [12] As survival for infants with premature birth is increasing with better medical and surgical management, 13, 14 the potential exists for more children to survive with compromised gastrointestinal function and IF, especially because of necrotizing enterocolitis (NEC). The aim of our study was to determine the risk factors for IF in infants undergoing surgery for NEC in a prospective multicenter fashion.
Methods
This observational, prospective cohort study was conducted at six academic medical centers in the United States: Children's Hospital Boston, Boston, Massachusetts; Texas Children's Hospital, Houston, Texas; Lucille S. Packard Children's Hospital, Palo Alto, California; Mattel Children's Hospital, Los Angeles, California; University of California at San Francisco Children's Hospital, San Francisco, California and Yale-New Haven Children's Hospital, New Haven, Connecticut. The protocol was approved by the Institutional Review Board at each site and informed consent was obtained when required; consent waivers 
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Intestinal failure NEC Necrotizing enterocolitis SBS Short bowel syndrome were granted at some sites. Entry criteria for this study were those commonly used to identify infants with suspected or confirmed NEC. 15 Patients were enrolled on the day they met these criteria, which included having at least 1 finding from each of a prespecified set of historical factors, physical examination findings, and radiographic findings. Historical factors included feeding intolerance, apneic/bradycardic episodes, oxygen desaturation, or grossly blood stools. Physical examination findings included abdominal distention, capillary refill time > 2 seconds, abdominal wall discoloration, or abdominal tenderness. Radiographic findings included pneumatosis intestinalis, dilated bowel, portal venous gas, ileus, pneumoperitoneum, air/fluid levels, thickened bowel walls, ascites, peritoneal fluid, or abnormal bowel gas pattern. Subjects were excluded if they had any major gastrointestinal anomalies or had undergone abdominal surgery before enrollment. The main results of the cohort study have been published. 16 Surgical treatment for NEC was defined as either placement of a peritoneal drain, or exploratory laparotomy with or without intestinal resection. The decision for drain placement versus laparotomy, as well as the extent and location of bowel resection, was made by the treating surgeon. We included all operations within 14 days of the first procedure when constructing surgical predictors of IF. We defined IF as dependence on parenteral nutrition for $90 days 17 after meeting the study entry criteria. Full enteral feeding was defined as receiving at least 100 kcal/kg/day from enteral nutrition and demonstrating a mean weight gain of >15 g/d over 7 days or being discharged home after discontinuing parenteral nutrition. Subjects who died or were lost to follow-up before reaching 90 days after entry (without first meeting the criteria for full enteral feeding) could not be classified as developing or not developing IF and therefore were excluded from the analysis.
Demographic, maternal, prenatal, and intrapartum data, medication history (for both mother and child), and newborn history before study entry were abstracted from medical records. Data collected daily during the week before diagnosis included mode of feeding (parenteral or enteral), method (bolus or continuous), type of enteral nutrition (breast milk, formula, or a combination), volume of formula, and the weight of the infant. After study entry, detailed clinical data were collected prospectively on a daily basis until subjects underwent surgery, reached full feedings, received another diagnosis, or died. If an operation was performed, surgical findings were recorded and data on postoperative course were collected weekly. Data collected included medications, laboratory and imaging evaluations, ventilation status, fluid/hemodynamic status, and blood culture results. Study endpoints for this analysis were the development of IF or the achievement of full enteral feedings as defined above.
Statistics
Factors were selected in a multistage analysis from a large set of demographic, clinical, and laboratory variables that would be available in clinical practice at the time of NEC diagnosis, as well as several surgical variables. The first stage of the modeling process produced 10 to 15 variables deemed clinically or statistically promising on the basis of univariate analysis with the Fisher exact tests or t-tests. The rest of the modeling process used multivariable logistic regression, with associations expressed as odds ratios. 18 Models were fit with the logistic procedure in SAS 9.1 (SAS Institute, Cary, North Carolina). 19 Confidence intervals were based on profile likelihoods, and P values were based on Wald tests. All P values are 2-sided.
Several of the variables selected at the first stage of the modeling process were subsequently discarded after considering their impact in the context of small groups of clinically related variables. This left 9 candidate variables. The discarded variables were either clinically or statistically related to other variables (eg, gestation age was dropped in favor of birth weight). The final stage of the modeling process was based on step-down selection among the 9 variables, with a final check for the potential addition of previously discarded variables. Both statistical and clinical considerations were used during the model building process.
Factors with missing data for substantial proportions of the sample were transformed into pairs of binary variables, one indicating missingness and the other indicating the outcome of interest. This transformation allowed patients with missing data on some predictors to remain in the multivariable models, thus contributing information about their other characteristics. The pair of variables was always considered together in a model, but the decision on whether to retain or drop the pair was based only on the effect of the variable of interest, and when reporting results we report only the variable of interest.
Although some authors have expressed small bowel resection as a percent of small bowel length, 20, 21 this calculation requires a measurement of both total and resected small bowel lengths, which were available for only 14 of our 49 patients with resection. We therefore imputed the percent of small bowel resected in a uniform manner by assigning a value of 0% for the 55 patients with no resection, and calculating the percent for the 49 patients with resection on the basis of an imputed total small bowel length by use of previously published data (Appendix; available at www.jpeds.com). 20, 21 The percent of small bowel effectively resected was constructed as a composite of the percent of small bowel actually resected and whether a diverting jejunostomy was created. Both original variables (actual resection and the creation of a jejunostomy) were individually important predictors but were also highly related to each other. The composite variable was considered clinically meaningful and also served to avoid the unreliability of jointly estimated effects of highly correlated factors. This variable was derived by assuming that the jejunostomy bypassed the distal 50% of the small bowel. If the jejunostomy was taken down within 90 days, the final composite effective percent resected was calculated as a weighted average of 2 percents, one while the jejunostomy was functional, and the other while it was not. (Figure) . Most subjects excluded either had diagnoses other than NEC or died early; only 9 were lost to follow-up. Of the 129 surgical NEC infants eligible for analysis, 54 (42%) had development of IF and 75 (58%) achieved full feedings before 90 days. The incidence of IF ranged from 20% to 60% across the 6 sites (P = .64). Among 265 infants who required only medical therapy for NEC and who had adequate follow-up, only 6 (2%) had development of IF. The incidence of IF in patients who required surgical therapy versus those who did not was significantly different (42% vs 2%, OR 31.1, 95% CI 12.9 to 75.1, P < .001). The small number of nonsurgical patients who had development of IF precluded meaningful analysis of risk factors in this subgroup, so the remainder of this analysis focuses on the surgical cohort.
Baseline demographic and clinical characteristics of the surgical cohort are presented in Table I . As expected in a group of patients with NEC, they were predominantly premature (mean AE SD gestational age 28.6 AE 4.2 weeks), of low birth weight (1183 AE 680 g) and 69% were male; 65% of the infants were born by Cesarean section, and 61% were intubated at delivery. Seventy-one percent received surfactant, and 13% received steroids before NEC diagnosis. Most patients received enteral nutrition before the diagnosis of NEC, and more than one third of those enterally fed received breast milk (36%). The most common findings at diagnosis of NEC were the presence of abdominal distention in 90% of the patients, followed by acidosis (76%), and the need for respiratory support (72%), characteristics reflecting the severity of NEC.
A comparison of characteristics between patients who had development of IF and patients who achieved full feedings within 90 days is shown in Table II . Infants who had development of IF had shorter gestation by an average of almost 3 weeks (P # .001) and lower birth weights by more than 400 g (P = .001). Among maternal factors, age, history of gestational hypertension, and use of steroids during pregnancy were not significantly different between the 2 groups. The need for intubation at delivery was significantly greater in the group who had development of SBS (72% vs 53%, P = .043). Exposure to enteral feedings before the diagnosis of NEC was not significantly different (P = .231) between the 2 groups, nor was the type of enteral feeds. Presence of portal venous gas (P = .048), use of parenteral antibiotics (P = .008) and ventilator use (P < .001) (both on the day of NEC diagnosis) were significantly different, suggesting a greater severity of NEC at diagnosis in those with development of IF.
Among operative factors reviewed, the amount of small intestine resected was significantly greater (12.3 AE 18.1 cm vs 3.8 AE 7.2 cm) (P = .001) among those infants with development of IF compared with those without. Similar results were observed for the percent of small bowel resected (13.3 AE 19.6 % vs 4.0 AE 7.8 %; P < .001). The extent of colon resection was not significantly different between the 2 groups (P = .495) nor was resection of the ileocecal valve (P = .205). Although creation of an ileostomy was not significantly different between the 2 groups (P = .372), the creation of a diverting jejunostomy was highly significant (P < .001). In fact, 17 of 18 patients who had a jejunostomy had development of IF. Among 88 subjects who underwent diverting ostomy placement, 34 of these (39%) underwent takedown within 90 days of study entry. The mean elapsed time for these 34 subjects was 60 days (range 42-84). The mean AE SD percentages of small bowel resected among subjects with and without a jejunostomy were 26.3 AE 25.7 and 5.1 AE 9.6, respectively. Our composite percent of small bowel effectively resected (percent of small bowel resected or distal to jejunostomy), also differed significantly between the groups (21.6 AE 22.6 vs 4.6 AE 9.7; P < .001).
Multivariate Analysis
In multivariate analysis, we identified five independent risk factors for the development of IF (Model 1, Table III) . Antibiotic use at NEC diagnosis (OR = 16.61, P = .022); birth weight <750 g (OR = 9.09, P < .001), exposure to any enteral feedings before the diagnosis of NEC (OR = 4.05, P = .048), ventilator use at NEC diagnosis (OR = 6.16, -2010
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Risk Factors for Intestinal Failure in Infants with Necrotizing Enterocolitis: A Glaser Pediatric Research Network Study P = .009), and percentage of small bowel resected (OR=1.85 per 10 percentage point resection, P = .031) were all independent and significant predictors for the development of IF. We chose to retain presence of portal venous gas in the model, although it was not significant at the 0.05 level (OR = 3.88, P = .086).
Although jejunostomy creation was not statistically significant in this model at the 0.05 level, when small bowel resection was removed from the model, it was nearly significant (P = .057). When the percent of small bowel effectively resected (a composite variable based on intestinal resection and jejunostomy) was used in place of small bowel resection and jejunostomy, the effect was highly significant (OR= 1.71 per 10 percentage point increase in resection, P = .008). Other effect estimates were essentially unchanged in this model (Model 2, Table III ).
Discussion
Surgical management of NEC often involves the competing priorities of resecting diseased bowel and controlling sepsis on one hand, and preserving bowel length on the other.
Bowel-preserving strategies for NEC are designed to limit IF. 11 Our results confirm that infants undergoing surgery for NEC have a considerably higher risk for the development of IF compared with those not requiring surgery (OR 31.1, 95% CI 12.9-75.1, P < .001). In addition, measures of disease severity at or before the day of NEC diagnosis are strong and important risk factors for the development of IF, as noted by the significant relationships between IF and antibiotic use, ventilator dependence, portal venous gas, and extent of bowel resection. The fact that ventilator dependence and antibiotic use on the day of NEC diagnosis were independent risk factors for IF also suggests that infants with more indolent Data are summarized by mean AE SD or n (%). *Unless otherwise indicated. †Among those fed enterally before diagnosis zComposite variable including percent resected or distal to jejunostomy. See Methods.
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Our finding of a high incidence of IF (42%) among infants undergoing surgical therapy for NEC is comparable with the findings of a multiinstitutional trial comparing laparotomy with peritoneal drainage for treatment for NEC. 22 Among 76 infants surviving $ 90 days after surgery, 33 (43%) remained dependent on parenteral nutrition. 22 In contrast, in a study comprising 175 neonates who underwent any gastrointestinal surgery, the incidence of IF was reported as 23%. 9 However, the mean gestational age of patients in this study was higher than in our cohort (mean [SD] gestational age 34.7 [5.2] weeks vs 28.6 [4.3] ) and only 23% of the cohort had NEC. These differences could explain the lower incidence of IF.
Among risk factors identified in our analysis for the development of IF, the creation of a jejunostomy was highly associated with IF in an unadjusted analysis, but the association was not significant after adjusting for the amount of small bowel resected. Although this seems to suggest that, after controlling for the amount of bowel resected, creation of jejunostomy is not associated with IF, there are compelling statistical and clinical reasons not to dismiss jejunostomy as a potential predictor. First, patients with jejunostomy tended to have a greater length of bowel resected and there was only 1 patient with jejunostomy who did not have development of IF. This correlation between covariates, coupled with sparse counts in the outcome variable, produced imprecise estimates in the model which included both variables, leaving uncertainty about the results. Second, the creation of a jejunostomy may reflect more extensive or more proximal intestinal disease, which in turn is manifest by the need for a proximal diversion. The diversion temporarily renders the distal bowel effectively nonfunctional, just as resecting that portion would have done. It is for these reasons that we created a single composite variable which combined jejunostomy with the amount of small bowel resected (Table III, Model 2). This composite variable attempts to measure the percent of small bowel effectively resected, that is, rendered nonfunctional either by having been resected or by being distal to a jejunostomy. More proximal bowel disease or resection may also indicate greater need for parenteral nutrition, as the absorptive area of the jejunum and ileum is bypassed. Our study did not allow us to investigate whether jejunostomy and associated diversion of the fecal stream is inherently damaging or whether jejunostomy is simply a marker of severe disease.
In our study, resection of the colon and creation of ileostomy did not differ significantly between those infants who did and did not have development of IF. In contrast, Wales et al 23 reported that the creation of ileostomy was an independent risk factor for the development of IF. This may reflect the different definitions for IF used in the 2 studies noted above. Dependence on PN for only 42 days was considered sufficient evidence of SBS. The creation of an ileostomy and resection of the colon may not be as prognostically important as a jejunostomy for a longer term PN (ie, more than 90 days) dependence.
A novel outcome in our study was the finding that exposure to enteral feeds before the diagnosis of NEC was associated with subsequent IF. This finding contrasts with analysis from this data set showing that infants with development of NEC and have been fed are less likely to require surgery than infants who have not been previously fed. 16 Enteral feeds are encouraged in premature infants, and evidence linking trophic feedings to the development of NEC is unclear. 24 It is possible that NEC among infants who have been fed may be harmful, especially if peritoneal contamination by enteral feeds ensues. 24 The mode of enteral feeding (bolus or continuous) was not associated with the development of IF in our study.
Previous retrospective data had suggested that the use of breast milk or elemental formulas was associated with less dependence on parenteral nutrition, 6 but our current study did not confirm this association. Among infants with surgical NEC, it may well be that any presumed advantages of these types of enteral nutrition do not apply but that in infants with medical NEC or other causes of IF, they might still be advantageous. Randomized controlled clinical trials of different types of enteral feeding in NEC are needed to fully address this question.
Select maternal and infant clinical characteristics were unable to predict the occurrence of IF, although variables characteristic of more severe NEC were associated with the development of IF. These findings raise a question about whether more severe NEC at presentation predisposes infants to IF solely because of the need for more bowel resection, or because of more severe intestinal ischemia that would later interfere with gastrointestinal absorption of nutrients. The observation that both more extensive resection and characteristics indicative of more severe NEC remained significant predictors in multivariate analysis suggests that more severe intestinal ischemia at presentation contributes to the risk of IF beyond simply leading to more bowel being removed or rendered nonfunctional because of being distal to a jejunostomy.
One limitation of our study is related to referral bias. The hospitals involved in this study are all academic medical centers, and are referral centers for infants with complicated NEC. Therefore the population studied is likely to represent more severe patients than those with NEC in primary care centers and thus represent patients more likely to require surgical care, resulting in an increased incidence of IF. In addition explicit standardization of surgical therapy for NEC was not performed in this study.
In summary, the incidence of prolonged dependence on parenteral nutrition was quite high in a cohort of infants with NEC undergoing surgical treatment (42%) compared with infants with NEC not undergoing surgery (2%) (OR 31.1, 95% CI, 12.9-75.1, P < .001). Risk factors for the development of IF included use of parenteral antibiotics on the day of NEC diagnosis (OR=16.61, P = .022); birth weight < 750 grams, (OR = 9.09, P < .001); requirement for mechanical ventilation on the day of NEC diagnosis (OR = 6.16, P = .009); exposure to enteral feeding before NEC diagnosis (OR = 4.05, P = .048); and percentage of small bowel resected (OR = 1.85 per 10 percentage point greater resection, P = .031).
Of note, most of these factors seem related to the severity of NEC and degree of prematurity, and none seem easily amenable to preoperative or postoperative modification. New risk factors to identify NEC patients at risk of developing IF are needed, and may include clinical, genetic and other biomarkers. 25, 26 Early identification of patients at risk of prolonged PN dependence may help in the design of clinical trials of new therapies to either prevent IF or optimize the treatment of NEC. n
